ABSTRACT. The distribution pattern of collagen fibril diameter in the equine superficial digital flexor tendon (SDFT) is known to differ in central and peripheral areas of some regions. This study reports the essence of collagen fibril differences among different regions of the equine SDFT by transmission electron microscopic (TEM) and high-voltage electron microscopic observations and biochemical analysis. The distribution of large collagen fibrils increased but the density of collagen fibrils decreased from the proximal metacarpal region to the distal metacarpal region. Large collagen fibrils with an irregular cross-sectional profile were found more frequently in the middle metacarpal region than in other regions. Three-dimensional reconstruction of images of irregularly shaped collagen fibrils revealed that these fibrils are formed through fusion of small collagen fibrils with large ones. The amount of decorin, which reportedly inhibits the lateral fusion of collagen fibrils, decreased in the direction of the distal metacarpal region. On the other hand, the size of decorin gradually increased in the direction of the distal metacarpal region. These results suggest that regional differences in collagen fibril distribution and density of collagen fibrils in the SDFT are due, at least in part, to fusion of collagen fibrils and the concomitant regional differences in the amount and size of decorin. KEY WORDS: assembly, collagen, decorin, equine, superficial digital flexor tendon.
Connective tissues such as tendons and ligaments are primarily composed of collagen fibrils. It is generally accepted that heterotypic collagen fibrils are the main component of mature connective tissue. Tendons are known to be composed of collagen types I, III and V [7] . A hybrid form of fibrils formed from interaction between types I and V collagen using an in vitro self-assembly system has been shown to play a regulatory role in fibril diameter [1, 5] . Many studies have suggested that interactions between collagens and proteoglycans and/or glycosaminoglycans (GAGs) may also play a role in the formation of collagen fibrils.
Decorin, a small leucine-rich proteoglycan and a dominant dermatan sulfate (DS), binds to the surfaces of collagen fibrils, and it has been suggested that fibril-associated decorin regulates collagen fibril assembly and lateral growth in many types of connective tissue such as tendon, skin, and cornea [3, 6, 9, 25] . In addition, the interfibrillar space of collagen fibrils is probably determined by decorin DS [23, 24] . Molecular size of decorin DS varies under pathologic and developmental conditions in correlation with sizes of collagen fibrils [10, 15] . Although variation in size of collagen fibrils in different conditions has been reported, the investigation of sizes of collagen fibrils throughout the whole tendon length has not been done. Our study suggested differences in diameters of collagen fibrils in various regions of the equine superficial digital flexor tendon (SDFT) (unpublished date). It was found that the mean diameter of collagen fibrils in the equine SDFT is smallest in the proximal region and gradually increases in the direction of the distal region. However, the mechanism by which collagen fibril diameter changes has not been elucidated. Therefore, the present study was carried out to clarify the morphological and biochemical characteristics of collagen fibrils in different regions of the equine SDFT.
MATERIALS AND METHODS
Tissue samples obtained from normal SDFTs of one male and three female Thoroughbred horses between 2-3 years of age were used. The horses were housed at the Department of Veterinary Pathology, Rakuno Gakuen University, Japan. After sedation with medetomidine hydrochloride (16 mg/kg, IM) and anesthetic induction with thiopental sodium (6 mg/ kg, IV), tissue samples were surgically removed. All experiment animals were approved by the Ethics Committee and the Institutional Animal Use and Care Committee at Rakuno Gakuen University prior to the experiment. Three pieces of 2-cm-long SDFT samples were excised from three different regions and named according to their adjacent bone: proximal metacarpal (pM), middle metacarpal (mM) and distal metacarpal (dM) ( Fig. 1-a) . A sample was also obtained from the central zone of each region ( Fig. 1-b) . The samples in each region were hemisected: one was quickly frozen in liquid nitrogen and stored at -80°C for biochemical analysis and the other was prepared for morphological observation.
Morphological observation: Each sample was carefully sliced under a dissecting microscope into 1 × 1 × 2 mm blocks. The samples were immersed in 3% glutaraldehyde in 0.1 M phosphate buffer, washed in phosphate buffer, postfixed in 1% (w/v) OsO 4 for 30 min, dehydrated through a graded series of ethanol, and embedded in Quetol 812 (Nisshin EM, Tokyo, Japan). Ultrathin sections were obtained on an ultramicrotome (Reichert Supernova System; Leica, Vienna, Austria) and mounted on copper grids. The sections were stained with 0.2% (w/v) tannic acid solution (Merck, Tokyo, Japan) for 15 min, then with 1% (w/v) uranyl acetate for 5 min and finally with 2% (w/v) lead citrate for 5 min. Tissue samples were examined under a transmission electron microscope (TEM: JEM-1220; JEOL, Tokyo, Japan) at an acceleration voltage of 80 kV. Collagen-to-noncollagen ratio in the extracellular matrix was characterized by the collagen fibril index (CFI) [8] . The total area for measuring CFI was 4 µm 2 in one sample. Though the variable in relative collagen density is always expected and a matter of fact that larger fibrils occupy a larger area than the smaller fibrils of the same number, direct measurement of collagen fibril diameter is probably not appropriate. Since determination of mass average diameter (MAD) could provide more functional information than determination of mean collagen fibril diameter, morphology of the collagen fibril population in this study was characterized by MAD according to the method of Flint et al. [11] instead of mean collagen fibril diameter. The MAD of each region was obtained by measuring diameters of 600 fibrils in one sample. In addition, thin sections of 500-700 nm in thickness were stained with 1% (w/v) uranyl acetate for 60 min and 2% (w/v) lead citrate for 15 min and were examined at various tilt angles with a high-voltage electron microscope (JEM ARM-1300; JEOL, Tokyo, Japan) at an acceleration voltage of 1,250 kV. Th re e-dimensional reconstruction was performed using TEM Tomograph software (JEOL, Tokyo, Japan).
Western Blot analysis: Samples, which were obtained from each tendon region, were homogenized and solubilized with CelLytic (Sigma, St. Louis, MO, U.S.A.) at 4°C according to the manufacturer's directions. Protein concentration was uniformalized by Lowry's method. To examine the molecular size and the amounts of decorin and DSdepleted core protein of decorin, samples were divided into 2 groups: One group was not treated and the other group was treated with chondroitinase ABC (1 U/ml) (1:1; Seikagaku Kogyo, Tokyo, Japan) for 4 hr at 37°C to digest dermatan sulfate. Then samples were boiled for 5 min with SDS sample buffer containing 2-mercapethanol and subjected to sodium dodecyl/polyacrylamide gel electrophoresis (SDS/ PAGE) (10% gel) followed by Western blotting. Samples on gel were transferred to polyvinylidene fluoride (PVDF) membranes (Millipore Corporation, Billerica, MA, U.S.A.). Non-specific background was blocked in Blochace (Yukijirushi, Tokyo, Japan) for 1 hr. Each membrane was then washed four times with Tris-buffered saline (pH 7.6) containing 0.2% Tween 20 (TBST). In order to examine decorin and its DS-depleted core protein, each membrane was incubated with an antibody against decorin using antihuman dermatan sulfate proteoglycan (1 in 10000 TBST; Seikagaku, Tokyo, Japan). After washing the blots four times with TBST, the bound antibodies were visualized with peroxidase-labeled anti-mouse IgG (Amersham Biosciences, Buckinghamshire, UK) for 1 hr at room temperature and developed with an ECL plus Western Blotting Detection System (Amersham, UK) according to the manufacturer's instructions. The immunoreactivity of decorin and that of DS-depleted core protein of decorin were analyzed using the software NIH image, version 1.61.
Statistical analysis: Morphological analysis to determine frequency of collagen fibril distribution and density was performed on four sections from each region. Then data on fibril diameter and density of collagen obtained from independent experiments were combined. Mean differences between groups were tested with Scheffe test at P<0.05.
RESULTS
TEM images and histograms of collagen fibril diameters are shown in Fig. 2 . Diameters of collagen fibrils in the pM, mM and dM regions were distributed with bimodal peaks at 20-40 and 180-220 nm. MAD values in the pM, mM and dM regions were 132.8, 145.5 and 160.6 nm, respectively. The ratio of collagen fibrils with large diameters (> 200 nm) was lowest in the pM region and gradually increased in the direction of the dM region. Differences between mean diameters in the pM and mM regions and between mean diameters in the pM and dM regions were significant. Mean CFIs in the pM, mM and dM regions were 73.6, 72.3 and 68.2%, respectively, the value gradually decreasing in the direction of the dM region. Though comparison between pM and dM regions showed significant differences, there was no significant difference between two adjacent regions (pM and mM regions and mM and dM regions). Moreover, MAD increased and CFI decreased toward the distal end of the metacarpus. 
High-voltage electron microscopic observation:
The cross-sectional shapes of most collagen fibrils were circular. Only a few collagen fibrils in the mM and dM regions with larger diameters than 200 nm had a rugged appearance. Rugged fibrils in the mM region were identified more frequently under a high-voltage electron microscope than under a transmission electron microscope (Fig. 3) . However, identification of rugged fibrils in the dM region was not frequent. Rugged fibrils in the mM region appeared in two different patterns: 1) a large circular zone centering on the core of the rugged fibrils and 2) several small oval zones protruding from the large circular zone. The diameter of the large circular zone was approximately 200 nm, and that of the oval zone (took the minor length to diameter) was less than 80 nm (Fig. 4) .
High-voltage electron micrographs of rugged collagen fibrils obtained at various tilt angles were three-dimensionally reconstructed using computer-assisted reconstruction techniques (Fig. 5) . The three-dimensionally reconstructed images showed that small collagen fibrils aggregated laterally to large collagen fibrils (Fig. 6) .
Western blot analysis: Decorin (70-100 kDa) was detected in all three regions of tendon samples processed through Western blot analysis. However, molecular sizes of decorin in the upper regions were slightly smaller than those in the lower regions ( Fig. 7-a) . In addition, amount except molecular size of its core protein (45 kDa) gradually decreased in a downward direction (Fig. 7-b) .
DISCUSSION
By morphological and biochemical analyses, we obtained four novel findings: 1) the distribution of collagen fibril diameters in the equine SDFT varied from the pM to dM regions, 2) the assembly of collagen fibrils was often observed in the mM region, 3) the amount of decorin gradually decreased in the direction of the dM region and 4) only decorin DS increased in size from the pM to dM regions.
Cherdchutham et al. [8] reported that modal changes of collagen fibril diameter distribution in SDFTs of foals aged 2-11 months occur uniformly without regional preferences. It is thought that biomechanical properties of the equine SDFT are established by the age of two years and are maintained for life [12] . Furthermore, it appears that the number of small collagen fibrils in the tendon increases with advance of age and increase in exercise [2, 8, 18, 20] . However, different regions of the equine SDFT after maturation were not examined in those studies. Since horses of mature SDFT were used in the present work, changes in size and distribution of collagen fibrils would be explained some biomechanical properties of the tendon. It is interesting that the MAD increases in the direction of the dM region, while the number of small collagen fibrils gradually decreases. The diameters of collagen fibrils in the pM and dM regions were different. These findings suggest that the number of small collagen fibrils in the metacarpal zone of the equine SDFT decreases in the direction of the dM region after maturation. Actually, fibrils with large diameters (>200 nm) have greater tensile strength than do those with small diameters (<40 nm), corresponding to the number of lateral crosslinks. On the other hand, fibrils with small diameters contribute more than those having large diameters to elasticity by inhibition of fibril sliding or creeping, tendon deformation and collagen/non-collagen matrix interaction [16, 18, 19] . These findings suggest that different regional changes of collagen fibril distribution would bring about different properties of the tendon in each region. Although a difference was not found between fibril distributions in the mM and dM regions, many rugged fibrils in the mM region were observed. It has been reported that irregularly shaped fibrils are evidence of lateral association or fusion of collagen fibrils [6] . The same characteristics were also found in the mM region presumably from their morphological similarity of collagen fibrils. Three-dimensional graphics reconstructed from high-voltage electron microsocopic images proved that each rugged fibril with a large diameter fused with surrounding small fibrils. Accordingly, while the number of small fibrils decreased, the number of large collagen fibrils increased in the direc- tion of the dM region. This fusion is thought to be a mechanism of the formation of large fibrils in the mM region. Ramification and assembly of collagen bundles to form a network have been observed under a high-voltage electron microscope [4] . The present study showed that collagen fibrils form ramification by themselves fusion. The major proteoglycan in the tendon is decorin, which anchors to d-bands with several collagen fibrils by noncovalent binding [21] . Decorin is composed of dermatan sulfate, which is a glycosaminoglycan that affects the morphology and formation of collagen fibrils and core protein by covalent binding [11] . Interfibrillar spaces between collagen fibrils and promotion of longitudinal growth of collagen fibrils have been shown to be influenced by decorin DS [13, 15, 23] . It has been reported that decorin changes length of decorin DS chains then controls interfibrillar space under some pathologic and developmental conditions [10, 14, 15] . Accordingly, important role of decorin in fusion and strength of collagen fibrils through this bondage would be undeniable [21, 22] . Activity inhibiting fibril segment association of decorin would also affect fibril growth [6] . Tendons of animals lacking decorin have been found to contain collagen fibrils with irregular diameters [9] . Down-regulation of decorin has also been shown to be correlated with the development of collagen fibrils with large diameters [17] . The increase in molecular size of decorin in the downward direction found in the present study indicates elongation of decorin DS chains and enlargement of interfibrillar spaces toward the dM region. This statement is supported by the finding of a decrease in CFI toward the dM region. The decrease in the amount but increase in molecular size of decorin found in Western blot analysis in accordance with increase in the number of collagen fibrils with large diameters toward the dM region supports the observation of lateral fusion in the mM region in 3D images. The amount of decorin in the dM region was decreased compared with that in the mM region. But rugged collagen fibrils were identified currently in the mM region. The interfibrillar space in the dM region with long decorin DS chaines was surmised that it was too large for such lateral fusion to occur. Although only effects of DS proteoglycans were found, effects of other leucine-rich proteoglycans such as biglycan was also expected in further study.
In this study, we have revealed that the distribution and diameter of collagen fibrils in the equine SDFT differ in some metacarpal regions. The amount and size of decorin also influence such alteration.
